Introduction
Mitochondria play a central role in cellular bioenergetics and signalling transduction. 1 Meanwhile, mitochondrial function and morphology are controlled by intracellular signalling pathways. 2 Besides being the powerhouse of the cell, mitochondria also carry out other functions ranging from reactive oxygen species (ROS) generation and ion homeostasis regulation to redox regulation and cell fate determination. [3] [4] [5] Mitochondrial respiration through electron flow along electron transport chain (ETC) fundamentally supports other functions of the mitochondria such as maintaining a negative inner membrane potential for Ca 2þ uptake. Conversely, mitochondrial respiration is being modulated by the other functions or processes, including intermediate metabolism, ATP hydrolysis, Ca 2þ , and ROS. 6 Recently, we showed that transient openings of the mitochondrial permeability transition pore (mPTP) also stimulate respiration in individual mitochondrion as visualized by monitoring mitochondrial flash activities in the adult heart. 7, 8 Thus, a sophisticated and intertwined network exists, which connects and integrates the various functions of mitochondria. 6 Identifying novel mechanisms or signalling pathways for mitochondrial respiration regulation will provide new insights into the role of mitochondria in health and disease and new targets for the treatment of mitochondrial dysfunction related disorders.
Mitochondrial dynamics has become an emerging field of research. 9 Numerous studies have indicated that mitochondrial form and function are closely interrelated. 10 For instance, it has been proposed that mitochondrial respiration and energy production is generally enhanced when the morphological balance is tilted towards fusion (i.e. filamentous and interconnected mitochondria) and vice versa. 11 However, recent studies also show that the fission and fusion proteins may modulate mitochondrial respiration through unique mechanisms that are not directly related to morphological changes. For instance, the inner membrane fusion protein, optic atrophy 1 (OPA1) helps maintain the cristae structure of the inner membrane and through which promotes mitochondrial respiration. 12 The outer membrane fusion protein, mitofusin (MFN1/2) tethers mitochondria with endoplasmic reticulum, which facilitates mitochondrial Ca 2þ uptake and metabolism. 13, 14 The master regulator of fission, dynamin related protein 1 (DRP1) has also been shown to promote mitochondrial respiration, since knockdown of DRP1 leads to decreased oxygen consumption rate (OCR). 15 However, no change in mitochondrial respiration is found in a mouse model of inducible DRP1 knockout. 16 It remains unclear whether endogenous DRP1 can directly modulate mitochondrial respiration. This study is designed to address the above question and to further explore the potential mechanisms by which DRP1 modulates mitochondrial respiration. The potential role of fission-fusion proteins in mitochondrial respiration is particularly important in the heart. Cardiac mitochondria are very abundant and provide majority of the energy for the continued beating of the heart. However, they exhibit a fragmented and static morphology with infrequent dynamic changes despite high levels of the fission and fusion proteins. 17 These unique features suggest that fission and fusion proteins may bear novel functions in the adult heart beyond morphology regulation. Indeed, cardiac specific knockout of DRP1 causes deranged mitophagy, apoptosis, decreased energetics, and cardiomyopathy. 15 However, the near complete and chronic ablation of DRP1 in the heart may stimulate compensatory responses or other pathways, which could complicate the interpretation of these results. Therefore, in this study, we employed in vitro approach and acutely inhibited the guanosine triphosphate hydrolase (GTPase) activity of DRP1 in adult cardiomyocytes to monitor its role in mitochondrial oxygen consumption. We provide evidence to show that endogenous DRP1 maintains mitochondrial respiration independent of mitochondrial fission. We further determined that this effect is likely mediated by transient openings of mPTP, and may contribute to bioenergetics, ROS, and Ca 2þ signalling in adult cardiomyocytes.
Methods

Animals and reagents
All the animal procedures were approved by the Institutional Animal Care and Use Committee at the University of Washington and conform to the NIH guidelines (Guide for the care and use of laboratory animals).
The mitochondrial targeted-circularly permuted yellow fluorescent protein (mt-cpYFP) transgenic mice were described previously. 7 The cyclophilin D knockout (Ppif À/À ) mice were purchased from Jackson Lab. The adenoviruses containing dominant-negative mutation of DRP1 (K38A), wild type (WT) DRP1 (plasmid purchased from Addgene and virus made by Vector Biolabs), PeriCam, DRP1 short hairpin RNA (shRNA) (shDRP1, a kind gift from Dr Junichi Sadoshima at the Rutgers University), mitochondrial targeted green fluorescent protein (mGFP), or mt-cpYFP were amplified in 293 cells ($1 Â 10 11 viral particles per mL), divided into aliquots, and stored at À80 C.
Adult cardiomyocyte and H9C2 cell culture
Ventricular myocytes were enzymatically isolated from the heart of female Sprague-Dawley rat (200-250 g, Harlan) as described previously. 7 Briefly, the rat was anaesthetized by intraperitoneal injection of pentobarbital (100 mg/kg). The heart was quickly removed, cannulated through aorta and perfused with oxygenated modified Tyrode's solution (in mM: 118 NaCl, 25 HEPES, 11 D-glucose, 4. 26 .2 mM sodium bicarbonate, 0.02% bovine serum albumin, 50 U/mL penicillin-streptomycin, and 5% fetal bovine serum (FBS). Two hours after the plating, the medium was changed to serum-free M199 and myocytes were cultured for up to 72 h. The rat cardiac myoblast cell line, H9C2 cells were cultured in high glucose DMEM medium supplemented with 10% FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin. Adenovirus-mediated gene expression was done at a multiplicity of infection of 50-100 for up to 3 days.
Confocal imaging
For confocal imaging, we used modified Tyrode's solution (in mM: 138 NaCl, 0. 20 Briefly, tetramethylrhodamine methyl ester (TMRM) (20 nM) was loaded to cells without washing and linescan DRP1 and mitochondrial respiration confocal image (1000 lines) was taken by exciting the cells at 543 nm and emission collected at >560 nm at a scanning speed of 100 ms/line.
Mitochondrial morphology analysis
Digital images were analysed using ImageJ software (NIH) and followed a reported procedure with modifications. 21, 22 The parameters obtained are mitochondrial size (area), the aspect ratio of the length of major and minor axes, and circularity. Form factor is calculated as 1/circularity to evaluate mitochondrial length and network branching.
Mitochondria isolation
The mitochondria from adult mouse heart were isolated following a protocol reported previously. 23 Briefly, the mouse was anesthetized by intraperitoneal injection of pentobarbital (150 mg/kg) and the heart was quickly removed and put on ice in mitochondria isolation buffer (300 mM sucrose, 10 mM Na þ -HEPES, and 0.2 mM EDTA, pH 7.4). The heart was rinsed, minced, and digested with 0.1 mg/mL trypsin for 10 min before adding 0.1% BSA and 0.5 mg/mL soybean trypsin inhibitor to stop the digestion. The tissues were centrifuged at 800 g for 1 min, resuspended and homogenized by using a motorized Dounce homogenizer with a Teflon pestle and centrifuged again at 800 g for 10 min. The supernatant, which contains mitochondria, was collected in a new tube, centrifuged at 8000 g for 15 min twice. The pellet was resuspended in mitochondria isolation buffer and kept on ice before use.
OCR measurement
For measuring OCR in isolated mitochondria or permeabilized adult cardiomyocytes, we used a Clark-type oxygen electrode (Hansatech Instruments) as previously described. 8 Briefly, after probe calibration, mitochondria (250 mg/mL) or adult cardiomyocytes (1Â10
5
, permeabilized with 15 mg/mL digitonin) were incubated in a chamber containing 1-2 mL respiration buffer (in mM: 125 KCl, 20 HEPES, 3 MgCl 2 , 0.4 EGTA, 0.3 DTT, and 5 KH 2 PO 4 , pH 7.2). Substrate mediated respiration (State 2) was initiated by the addition of 2.5 mM malate and 5 mM glutamate or 2 mM succinate and 1 lM rotenone. adenosine diphosphate (ADP) (500 mM) was added to obtain maximal respiration (State 3). The respiration control ratio (RCR) was calculated by dividing the State 3 respiration rate with that of State 2. For measuring OCR in intact cardiomyocyte, we used the XF96 Extracellular Flux Analyzer (Seahorse Bioscience). The cardiomyocytes were plated on laminin coated 96 well plates and cultured in M199 medium for 3 days. When measuring OCR, DMEM with 5 mM glucose and 1 mM pyruvate was used and 2.5 mM oligomycin A, 1 mM carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), and 2.5 mM antimycin A plus 1 mM rotenone were added in three sequential injections.
Evaluation of supercomplexes assembly
To evaluate the assembly of ETC supercomplexes, we used the blue native gel electrophoresis (Invitrogen). Isolated mitochondria from adult mouse heart (100 mg) were treated with 50 mM Mdivi-1 or dimethyl sulphoxide (DMSO) (control) for 30 min. The samples were solubilized in cold 4Â NativePAGE Sample Buffer containing 5% Digitonin and 5% Coomassie Blue G-250 sample additive and centrifuged. The samples were loaded on NativePAGE Novex 3-12% Bis-Tris Protein Gel and run at 100 V for 1 h, then at 300 V for another 2 h. The gel was stained with Coomassie Blue for overnight and destained for >10 h (buffer changed every $2 h) before imaging (Bio-Rad imaging system).
Mitochondrial ETC complexes activity assay
The activity of ETC complexes were measured in permeabilized cardiomyocytes as described previously. 24 We used the Evolution 220 UVvisible spectrophotometer (Thermo Scientific) to obtain the absorption of cytochrome C (at 540 and 550 nm) for Complex IV and III, DCPIP (at 600 and 750 nm) for Complex II, NADH (at 340 and 380 nm) for Complex I and V, and DTNB (at 412 nm) for citrate synthase.
Confocal imaging of Langendorff perfused mouse heart
Adult mt-cpYFP transgenic mouse (20-30 g) was anesthetized with pentobarbital (150 mg/kg). The heart was removed, cannulated via ascending aorta, and put on a modified perfusion system and in a custom made chamber on the confocal stage as previously reported. 25, 26 The perfusion was maintained under a constant flow (2. We also included TMRM (150 nM) for mitochondrial membrane potential. During imaging, the left ventricle was gently pressed against the coverslip at the bottom of the chamber to further suppress motion artifact. Serial 2D confocal images were done following the same procedure described above for mitochondrial flash measurement.
Statistics
Data are shown as mean 6 standard error (SEM). One-way analysis of variance (ANOVA) was used for experiments with more than two groups and followed by Tukey's post hoc analysis. P < 0.05 was considered statistically significant.
Results
Fission/fusion manipulation altered mitochondrial morphology in adult cardiomyocytes
Previously, very few reports have studied mitochondrial morphology in cultured adult cardiomyocytes. Here, we combined confocal imaging with mitochondria-targeted fluorescent probes and imaging processing by ImageJ to establish a protocol and quantified mitochondrial morphology in cultured adult cardiomyocytes (see Supplementary material online, Figure S1 ). The morphology of mitochondria in adult cardiomyocytes was altered towards more fission by overexpressing WT DRP1 or more fusion by overexpressing dominant negative DRP1 mutation (K38A) or DRP1 shRNA (shDRP1) ( Figure 1A -C). Incubating with S3 compound, which facilitates the interaction between mitofusin1/2 and induces fusion, 27,28 also increased mitochondrial size (single mitochondrial area) and length to width ratio (aspect ratio) in adult cardiomyocytes. Mdivi-1 (50 lM, 30 min), a widely used DRP1 inhibitor that inhibits the GTPase activity of DRP1, showed no effect on mitochondrial morphology in adult cardiomyocytes, while it has been shown to induce significant fusion in other cell types and neonatal cardiomyocytes. 15 that acute manipulations of fission and fusion proteins can achieve modest mitochondrial morphology changes in adult cardiomyocytes. Despite high abundance of fission and fusion proteins in the heart, the above morphological changes in cardiac mitochondria are relatively small as compared to the dramatic changes in H9C2 cardiac myoblast cells with the same manipulations ( Figure 2 and Supplementary material online, Figure S2) . Thus, acute manipulation of fission and fusion proteins induced significant morphological changes in H9C2 cells but only mild changes in adult cardiomyocytes.
Inhibiting endogenous DRP1 activity suppressed cardiac mitochondrial respiration
Next, we tested whether the above manipulations that induced mild morphological changes have any effect on mitochondrial respiration in adult cardiomyocytes. Surprisingly, Mdivi-1 inhibited mitochondrial respiratory control ratio (RCR, the ratio of State 3 OCR over State 2 OCR, which is the most reliable parameter for mitochondrial respiratory capacity 30 ) in isolated mitochondria from adult mouse heart ( Figure 3A) . We further used permeabilized adult rat cardiomyocytes and found that Mdivi-1 (50 mM, for 30 min) also inhibited State 3 respiration and RCR without affecting State 2 respiration ( Figure 3B) . Finally, we overexpressed K38A, WT DRP1, or shDRP1 in adult cardiomyocytes ( Figure 3C and D) and used Seahorse XF96 Extracellular Flux Analyzer to monitor OCR and extracellular acidification rate (ECAR) ( Figure 3F -G and Supplementary material online, Figure S3 ).
From the titration curve, we chose 500 myocytes per well for subsequent experiments ( Figure 3F) . The results showed that inhibiting DRP1 by K38A, shDRP1, or Mdivi-1 all significantly suppressed RCR. The maximal (FCCP induced) OCR was decreased, while basal OCR was increased largely due to increased proton leak (after oligomycin A, Supplementary material online, Figure S3 ) as reported previously. [31] [32] [33] Since Mdivi-1 may have DRP1-independent effects, 15 we used Mdivi-1 on top of genetic DRP1 inhibitions. As shown in Figure  3G , Mdivi-1 plus K38A or Mdivi-1 plus shDRP1 showed slightly more inhibition on respiration, but the effect is much smaller than the additive effects of individual treatments. This indicates that Mdivi-1's effect on respiration may overlap with genetic inhibitors of DRP1 or at least in part, depend on DRP1. Because inhibiting endogenous DRP1 suppressed mitochondrial respiration and mildly promoted fusion in adult cardiomyocytes, we conclude that endogenous DRP1 plays a role in maintaining mitochondrial bioenergetics. Interestingly, S3 compound, which also induced fusion, had no effect on respiration. This suggests that morphological changes may not underlie the effect of DRP1 in mitochondrial respiration.
DRP1 inhibition on ETC supercomplex assembly and individual complex activity
Next, we asked how DRP1, which is a cytosolic protein and binds with proteins on the outer membrane of mitochondria, can modulate mitochondrial respiration in a fission independent manner. We first tested whether the assembly of ETC complexes and supercomplexes is affected by DRP1 inhibition. Isolated mitochondria were treated with Mdivi-1 (50 mM) and the extracted proteins were loaded on blue native gels. As shown in Figure 4A , no significant difference in respiratory chain supercomplexes assembly was detected. Furthermore, we determined the activity of individual ETC complexes and found no change in the maximal activities of Complex I-V and citrate synthase ( Figure 4B) . In gel Complex I activity assay also revealed no difference between Mdivi-1 treated and vehicle (DMSO) treated mitochondria (see Supplementary material online, Figure S4 ). These results suggest that the role of endogenous DRP1 on respiration regulation is not through direct modulation of individual ETC complexes, but more likely through an indirect mechanism and affect the activity of the whole ETC.
Role of mPTP in DRP1 regulation of respiration
Previous reports have suggested that Mdivi-1 or K38A may inhibit mPTP opening in the heart and other tissues. 16, 21, 34 However, whether mPTP is involved in DRP1 regulation of respiration is not known. To test this, we evaluated the effect of Mdivi-1 in cardiac mitochondria from cyclophilin D knockout (CypD KO) mouse (Ppif À/À ). CypD is a known regulator of mPTP and located in the matrix. Mitochondria lacking CypD showed significantly less mPTP openings. 35 Interestingly, CypD KO slightly inhibited State 3 respiration, and completely abolished the inhibitory effect of Mdivi-1 on State 3 respiration ( Figure 5A ). Similar effect was observed in cardiomyocytes from WT mice after incubation with the CypD inhibitor, cyclosporine A ( Figure 5A ). These results imply that mPTP may be needed for endogenous DRP1 to regulate respiration. To directly test whether DRP1 modulates mPTP, we monitored laserinduced membrane potential dissipation in intact myocytes as an indication for oxidative stress-induced mPTP opening. 20 Overexpression K38A delayed the onset of membrane potential dissipation (loss of TMRM signal) indicating decreased mPTP opening ( Figure 5B ). K38A overexpression also increased Ca 2þ levels in mitochondrial matrix while maintaining the membrane potential ( Figure 5C and D) supporting that decreased mPTP openings lead to stable membrane potential and matrix Ca 2þ retention. Thus, DRP1 inhibition suppressed mPTP openings in adult cardiomyocytes.
DRP1 inhibition suppressed mitochondrial flash and ROS
To further determine the physiological significance of DRP1 on mPTP and respiration regulation, we monitored mitochondrial flashes, which are triggered by transient mPTP openings and fueled by mitochondrial respiration. 18, 36 First, in intact and Langendorff perfused hearts from mt-cpYFP transgenic mice, we found significantly decreased flash activity by Mdivi-1 indicating suppressed transient mPTP opening and mitochondrial respiration ( Figure 6A-D) . In adult cardiomyocyte from rats, Mdivi-1 suppressed basal and pyruvateinduced flash activity ( Figure 6E ). Overexpression of K38A or shDRP1 also inhibited flash in adult cardiomyocytes ( Figure 6F) . These results support that inhibiting endogenous DRP1 activity decreased transient mPTP openings and respiration in individual mitochondrion. Since mitochondrial respiration is the major source of ROS in the heart, we monitored steady state ROS in mitochondria matrix by using MitoSOX red and found decreased mitochondrial ROS by Mdivi-1 or K38A in adult cardiomyocytes ( Figure 6G) . Taken together, endogenous DRP1 modulates transient mPTP opening and impacts ROS production. 
Discussion
In this study, we report a novel function of the fission protein, DRP1 on maintaining mitochondrial respiration in adult cardiomyocytes ( Figure 7) . We further showed that this effect depends on CypD, a soluble matrix protein that binds to membrane proteins and sensitizes the mPTP to matrix Ca 2þ . We also explored the physiological significance of this function on cell bioenergetics and ROS signalling. Moreover, this effect is largely independent of the role of DRP1 in promoting mitochondrial fission, since acute manipulations of DRP1 yielded modest (K38A, shDRP1, or WT DRP1 overexpression) or no change (Mdivi-1) in mitochondrial morphology while significantly altered mitochondrial respiration in adult cardiomyocytes. Our findings are in line with recent reports on cardiac specific DRP1 knockdown models, which showed compromised mitochondrial respiration. 15, 37 This study provides new insights into the multi-functional roles of mitochondrial fission and fusion regulators in the adult heart.
The major contribution of this work is the strong evidence showing a causal role of endogenous DRP1 in mitochondrial respiration regulation in adult cardiomyocytes. Recent reports have shown inconsistent results that inhibiting or knocking out DRP1 may or may not affect mitochondrial respiration. 15, 16 Here, with in vitro and acute manipulation approaches, we were able to specifically inhibit, but not abolish, the activity of endogenous DRP1 in adult cardiomyocytes. This approach can avoid or minimize the compensatory or none-specific responses in the in vivo models where DRP1 protein is significantly and chronically decreased. Furthermore, we monitored mitochondrial respiration through OCR by different methods including the Clark electrode and the Seahorse system and under different conditions from isolated mitochondria to permeabilized cells and intact cells. In all these experiments, maximal respiration is decreased after DRP1 inhibition. In the Seahorse measurements, basal respiration is also increased after DRP1 inhibition, likely due to increased proton leak. These data show, for the first time, that endogenous DRP1 indeed maintains mitochondrial respiration in adult cardiomyocytes. Since S3 acutely induced fusion but had no effect on OCR in adult cardiomyocytes, it suggests that morphological change per se cannot underlie mitochondrial respiration regulation by DRP1. Finally, overexpression of WT DRP1 had a tendency to increase respiration. It is possible that under resting conditions the overexpressed DRP1 may mainly exist in cytosol rather than being recruited to the mitochondria. Previously, the role of OPA1 and MFN1/2 on mitochondrial respiration has been linked to specific mechanisms, such as cristae formation and mitochondrial-ER tethering, respectively. 12, 14 Our results extend the current knowledge of the novel roles of fission and fusion proteins on mitochondrial respiration by showing the fission protein, DRP1, also positively modulates respiration through a mechanism independent of morphological regulation. Another contribution of this work is the potential link between DRP1, transient mPTP, and mitochondrial respiration. DRP1 is mainly a cytosolic protein and can be recruited to mitochondrial outer membrane by Ca 2þ , phosphorylation, and oxidation. 22, 38, 39 In resting adult cardiomyocytes, a significant amount of DRP1 can be detected in the mitochondrial fraction. 28 Since inhibiting DRP1 suppressed laser induced mPTP and mitochondrial flash events, DRP1 may modulate mPTP. Moreover, the effect of Mdivi-1 on State 3 respiration is abolished by cyclosporine A or absent in CypD KO myocytes suggesting a role of mPTP in mediating DRP1's effect on mitochondrial respiration. Previous reports from us and others have shown that transient mPTP openings, as monitored by mitochondrial flashes, are physiologically important individual mitochondrial events and coupled to the respiration status of mitochondria. 7, 8, 18, 20 In this study, we further showed that DRP1 inhibition decreased maximal respiration and transient mPTP openings. However, basal respiration is either unchanged or increased in the whole mitochondrial population. This is probably because the random, low frequency and transient mPTP openings 42 and the partial rescue of DRP1 KO-induced cardiomyopathy by CypD KO. 16 Thus, it is likely that DRP1 modulates transient mPTP opening and through which maintains respiration in cardiomyocytes. In addition, other mechanisms, such as proton leak, may also play a role in mediating the effect of DRP1 on respiration regulation. It remains elusive; however, how the outer membrane protein, DRP1 can positively modulate respiration through transient mPTP. A potential answer could be through an indirect mechanism or protein on the outer membrane. A number of outer membrane proteins can bind DRP1 acting as its receptors. 43 One of them is Bak/Bax, the proapoptotic Bcl-2 family proteins, which also modulate outer membrane permeability. 29, 44 Bak/Bax has been shown as components of the mPTP and the mPTP may involve outer membrane permeabilization and inner membrane permeabilization. 45 ,46 Therefore, we may tentatively hypothesize that DRP1 could modulate mPTP through interacting with Bak/Bax and outer membrane permeability. Definitive evidence of the molecular targets of DRP1 on outer membrane that can link DRP1 with mPTP awaits future studies. This study also advances our understanding of the role of DRP1 in cardiac physiology and pathology. Recent reports using inducible and heart specific DRP1 knockout models 15, 16 showed that chronic ablation of DRP1 in the heart leads to severe cardiomyopathy and significantly shortened lifespan. One potential mechanism is altered mitophagy. 47 However, what remains unknown is whether the observed phenotypes and the accompanying pathological changes, such as mitophagy, apoptosis, mPTP opening, are secondary or independent to morphological defects (e.g. suppressed fission). The 
current study provides some clues by showing a novel role of DRP1 in maintaining mitochondrial respiration independent of morphological change. It is possible that DRP1 inhibition acutely compromises mitochondrial respiration, in parallel to suppressing fission, and contributes to energetic decompensation, mitophagy and apoptosis in the long run. In addition, since DRP1 inhibition facilitated proton leak in adult cardiomyocytes, it may also contribute to the phenotypes of chronic DRP1 ablation. Moreover, findings of the current study may also help explain pathological roles of DRP1 in human disease. One example is the increased mitochondrial translocation of DRP1 and/or fission upon stress such as high glucose and ischemia. 21, 48 It will be interesting to test the hypothesis that increased DRP1 is a compensatory response to maintain mitochondrial respiration but eventually causes detrimental effects such as fragmentation or excessive mPTP opening. Another example is the protective role of DRP1 inhibition in cardiac ischemia reperfusion injury. 34 It is possible that DRP1 inhibition may suppress mitochondrial respiration during early reperfusion, and through which prevent oxidative stress-induced cell death. DRP1 inhibition also ameliorated diabetes-induced liver oxidative stress through uncoupling respiration with ATP production. 32 Finally, accumulating evidence supports that DRP1 may play multiple roles in cell biology and disease. How to differentiate these effects is critical for developing function-oriented approaches to regulate DRP1. For example, Mdivi-1 is known to have multiple targets and its protective effects on stress-induced cell death may not be DRP1-dependent, 15 while its role in respiration and fission may be more dependent on DRP1. In summary, in addition to its canonical role in mitochondrial fission, endogenous DRP1 also plays a novel and non-canonical role in maintaining mitochondrial respiration. Mechanistically, this effect is mediated by mPTP, dissociated from morphological changes, and does not affect the assembly or activity of individual ETC complexes. This new pathway of DRP1 exemplifies the multi-functional roles of DRP1 in regulating both mitochondrial function and morphology in the heart under physiological and pathological conditions.
Supplementary material
Supplementary material is available at Cardiovascular Research online. DRP1 and mitochondrial respiration
